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I. INTRODUCTION

The mechanical response of gun propellant to high rate deformation plays a critical role in
the performance of guns and in the violence of the response of the propellant to vulnerability
threats. However, unlike engineering materials, which have most of their critical characteriza-
tions performed within a range of state from stress-free up to conditions of failure, propellant
performance is most affected by mechanical response only after failure has occurred9 Indeed,
the changes in propellant dimensions, under ideal firing conditions where no failure occurs,
have been shown using a ballistic code to have almost no effect on gun performance. Propel-
lant performance within an established charge depends on the rate of generation of gases
through combustion (mass generation rate). This mass generation rate of the propellant de-
pends on the its burning rate, density, and the total surface area undergoing combustion. This
relationship can be expressed by the following:

dm/dt = prA (1)

where dtmldt is the mass generation rate, p is the mass density, r is the pressure dependent
burning rate, and A is the exposed surface area. The variable critically influenced by the
mechanical response is A.

Until propellant failure conditions exist within the gun, A is a well controlled parameter.
Unprogramed generation of surface area can come from several sources. If individual grains
are projected against interior surfaces, such as cartridge case walls, the projectile base, or pro-
truding projectile fins, single grain impact results. The fracture generated surface area of the
grain will depend on factors such as the impact velocity, orientation, and temperature of the
grain. Grain-grain interaction is also possible and has been described as an intergranular stress
wave propagating through the bed. If this stress state exceeds critical limits, fracture surface
area will be generated. A third failure mechanism results when the pressure differences be-
tvecn the gun chamber and the grain perforation exceed critical values. This pressure differ-
ence can be positive, if the perforation pressure of ignited grains exceed ambient pressures,'-'
or negative, if the ambient pressure exceeded the perforation pressure as could be the case in an

unignited grain within an ignited bed. 1'his results in the grain or stick bursting or collapsing,

and unprogramed surface area being added during the combustion process. The propellant
susceptibility to fracture can be evaluatted bv measuring changes in the propellant mechanical
response. If the propellant is properly cha.acterized, this susceptibility can be compared to
acceptable performers or used to point out response characteristics that need to be changed to
cnhanlce perfornance.

tUntil recently. only low rate mechanical response mlleasurements were made on these
materials. Since most propelIants are polymeric systens that miay or may not be filled, the
response is sensitive to the rate of tcsting. I lovever, methods were developed for a standard-
izcd high rate comnrcssivC mCasurcnclit lechniquc sole ycars ago. Thcsc measurement
techniqucs'1 were performed on M30, J;%\2, and XM39 gun propellants at strain rates on the
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order of 200 per second over the entire temperature range of ballistic interest. These are rate
conditions that more closely resemble the operational environment. This report describes the
technique and the results of many mechanical properties measurements taken over the past few
years. Also included are high rate, high pressure results performed at Lawrence Livermore
National Laboratory (LLNL).

II. EXPERIMENTAL METHOD

A. The Apparats

The machine used to measure the high rate response is the Drop Weight Mechanical Prop-
erties Tester (DWMPT) and is illustrated in Figure 1. This device was calibrated3 using alumi-
num cylinders, and found to provide modulus measurements within 9% of the handbook values
with a 5 % standard deviation. The relative softness of gun propellant (E(p) = 5 GPa vs E(AI)
72 GPa) will favor more accurate measurements when used for propellant. The principle of
operation is as follows. The falling weight cage transmits the high rate impulse through the ram
to the specimen. The ram is also used to measure the specimen displacement by optically
tracking the change in location of the specimen (illustrated in Figure 2). The impulse acts upcn
the specimen and is measured utilizing the force gage located directly beneath the specimen.

The nature of the impulse can be changed by
adjusting the total mass (drop weight) and distance
(drop height) through which this mass falls before
hitting the ram. The total energy available is

and KhW Ado, increased by increasing either of these, but the

strain rate is principally dependent on the drop
height and almost independent of the drop weight.
This permits the impact energy to be adjusted withWel'¢l,l irnd Cage

some independence from the strain rate.

Low temperature conditioning is accomplished
R ,, by enclosing the ram, ram guide, force gage,

within a copper shell through which liquid nitrogen
Kam G-li, vapor is circulated. This shell is illustrated in

Figure 3, and is able to keep the specimen condi-
tioned to within one degree Celsius of the desired
temperature. Temperature differences within the
chamber are usually kept under one degree, al-
though at the extreme low temperatures, heat
flixes through the ram and base are thought to
disrupt the temperature uniformity, Higher than
ambient temperatures are obtained by wrapping
this shell with a heating strip. Temperatures up to

Figr .Iiopeight ec i- 63"C can be obtained with a two degree maximum
temperature difference within the chamber.

. . . . . _ . ... =8



Ram,,/, Diffusion ScreenOptical Displacement 14P. , -DfuinSre

Follower] 1 * - Light Source

Figure 2. Illustration of the DWMPT Optical Displacement Measurement Technique

B. The Specimen and Specimen
Conditioning " Vapor Exhaust

Specimens are cut from granular or stick
propellant with a diamond saw. Since the Vapor Chambers

Icngth to diameter ratio (LID) for most
granular propellant usually lies between 1. 1 Sprcimcn Chambrcr
and 1.5, a standard specimen length was
choscn to have a L/D ratio of 1.00 + 0.05. 1 Liquid Nitrogen
This should reduce the influence of differen- Vapor Port
tial end effects tor propellants of the same Figure 3. DWMPT Temperature
type but having different dimensions. The cut Conditioning Shell
surfaces are parallel to each other to within
0. 1 degree and each surface is perpendicular
to the cylinder axis to within 0.5 degree. All
physical dirnensions are measured to within
0.01 mi. An illustration of a seven-perfo-
rated specimen appears as shown in Figure 4.

Specimen temperatture conditioning is
done within a temperature-conditioning
copper chamber which keeps the ambient _ ,..,,

temperature of the grain controlled to within|
I"C. The specimens arc conditioned for a
period that is sufficiently long (depending on
grain size) to ensure that unifonn tempera-
tures are attained. Tranisfer of the speci in n
intto conditioned eq Ipinent takes place in
less than 1( seconds. Tinmc is then allotted
for the specilmen Ito recover from anyv therinal
disruption tht may havc occuried (IuC to the l'i tirc 4. Illustration of a Seven-Perforated
transfer. Tcst Specimren
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Figure 5. Graphic Output from the Itigh Rate Mechanical Response Data Acquisition Program

C. The Procedure

Prepared specimens are tested to failure at a given strain rate by selecting the appropriate
drop height and weight. Once the conditions of the test are determined and attained, the weight
cage is released and data acquisitiun of the high rate event proceeds. The raw, 2-channel event
information is digitized and recorded on disk as displacement and force gage voltage signals.
Test conditions, daita identification number, specimen dimensions, and other test information
are also recorded. The data are transformed into stress and strain records, using the abo-e in-
formation, A ith gage temperature corrections, tester compliance compensation, and calibration
coefficients being utilized. An example of the graphic output is provided in Figure 5. Appendix
A contains the documentation and an annotated listing of the program used in the acquisition
and ',:alysis of these data.

Information listed on the output is as follows: The Maximum Stress (MS) is the highest
stress level achieved, the Stress at Failure (-S) is the stress at ,ield, the Strain at Failure (SIU) is
the strain corresponding the Stress at Failure, the Strain Rate (SR) is rate of compressive
deformation taking place before failure, the Modulus (E) i.- the slope of the linear portion of the
Stress vs Strain plot, the Impact Energy Density (ED) is the value of the integral of the Stress
vs Strain ov,_r the entire event, i.e. the absorbed energy density, and the Theoretical Energy
Density (I'I)) is the total gravitational potential energy of the weight cage ahle to he delivered
to the grain divided by the initial grain volume. The procedure' tollowed and the definitions of

I()



Table 1. Percent Composition of JA2, M30, and XM39 Gun Propellants

Component Component
JA2 M30 X%1139

Nitrocellulose 59 28 RDX (Ground) 76.0
NC Nitration Level 13.0 12.6 Cellulose Acetate Butyrate 12.0

Nitroglycerin 15 22 Acetyl Triethyl Citrate 7.6
Nitroguanidine 0 48 Nitrocellulose 4.0
Ethyl Centralite 0 2 NC Nitration Level 12.6
Diethylene Glycol Dinitrate 25 0 Ethyl Centralite 0.4
Akardit 11 1 0

the terms listed above appear in Appendix B. Appendix C illustrates how these measurements

arc determined.

The above quantities were measured for M30, JA2, and XM39 in a series of experiments
that spanned several years. M30 and JA2 are conventional tank gun propellants. N130 is a triple
base formulation and JA2 is a double base. XM39 is a Low Vulnerability Ammunition
(LOVA) formulation designed to reduce the system vulnerability to the ignition of stowed
propellant that may result from armor piercing spall or direct projectile interaction. Each of
these propellants has significant mechanical response differences which help to elucidate the
problem of characterizing important properties. The chemical composition of these propellants
is found in Table 1. Figures 6 through 8 show the Stress vs Strain for each of these propellants
at several temperatures over the range of ballistic interest. The curves appearing in these plots
represent the average values of at least five tests, and show the response of the propellant to
hiuh rate deformation.

Ill. RESULTS AND ANALYSIS

A. Significant Parameters

The informatim most used in the characterization of the mechanical response of the propel-
lan t is the Stres,, at Failure, Straini at Failure, and Modulus. The changes in these quantities

ith corresponding changes of an independent variable (such as temperature, pressure, or
pcrccnt composition) provide inight into the rcponsc chdnges that can be expected. For
example, if the Stress at Failure increases dramatically as the temperature is lowered, and the
Strain at Failure has a corresponding decrease, a transition towkard brittle behavior is likely to
have occurred. Such trends are offten no! so simply observed. I Il)k these mechanical properties
changc with formulat ion or processing chancs is aln important consideration that affects the
cvalunat1hfll of fracture suscept ihity and continues to undergo active investigation and develop-
meni!t.

I1
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Figure 6. Stress vs Strain for M30 Propellant at Strain Rates of about 250 s1
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Figure 8. Stress vs Strain for XM39 Propellant at Strain Rates of about 250 s1

It can be seen, from the information presented in Appendix C, that the stress at failure and
the corresponding strain are difficult to define in some cases. For a very brittle response the
choice of a failure point is somewhat easier. There is a quick break from linearity and a dra-
matic loss of specimen strength, as for XN139 at -46 OC or even -20 OC. For very plastic re-
sponses, as in the case of JA2 at temperatures above -20 OC, the choice is not difficult either.
Once flow begirs the stress level remains about constant, so the stress level required for plastic
flow can be determined. The difficult case occurs when flow and fracture occur together.

Since these materials are not Ituctural, deviations from linear response are not of para-
mount importance. What is important is the ability of the propellant to resist significant in-
creases in fracture generated surface area. Large increases only occur after failure. This means
that traditional yield stresses may not be an important measurenicnt. A question such as "What
stresses can the propellant withstand before it undergoes significant changes in surface area?"

becomes important. It is clear from the response of M30 propellant and the closed bomb
analysis done on tested grains ' that signlficant increases in surface area do not occur at the
yield point. It is beyond this point that si iificant increases occur. The problem of defining a
ieaning ful ftilure point for propcllants nt exhibiting either brittle or pllastic behavior is
difficult to adlres,

The method used to dciIne failtirc in these studies takes into considcration the ideas out-

lined tbove. ['igtre 9 shows the Stress vs Strain curve for 13() at 18 "C. This is a typical curve

13



representing a combination of plastic and
fracture failure. The value of the Stress at
Failure was chosen at the point where the
second derivative of the stress with respect to
the strain is minimum. At this point yielding

too has already occurred, but it is not likely that
much fracture generated surface area has
been created. This is the point at which the
greatest loss of strength is occurring, since

.0 12.0 the slope of the Stress vs Strain curve is de-

creasing most rapidly there. Other methods5

that may better characterize the mechanical

0: W response, which will be discussed later, areIn- also under consideration. Using the informa-
i.0 12.0 tion generated from these tests, Stress at

Failure, Strain at Failure, and the Modulus

W [can be plotted against temperature. This
information is presented in Figures 10
through 12 for M30, JA2 and XM39, respec-
tively.

12.0
Strain (1t) All the curves in Figure 10 show a good

linear fit. The correlation coefficient, R, for a
least squares fit is 0.99, .98, and .97 for the

Figure 9. Illustration of the Method Used Stress at Failure, Strain at Failure, and
to Detenmine the Stress at Failure Modulus, respectively. Slightly better fits are

for M30 at I 8"C obtained when the natural logarithm of these
values is plotted against temperature. The
resulting curves are found in Figure 13.

The curves for JA2, found in Figure 11, have a poor linear fit. When the natural logarithms
of the Saess at Failure and Modulus values are plotted against temperature, shown in Figure
14, the linear fit is excellent (R = 1.00). The change in the nature of failure at -20CC is reflected
the the Strain at Failure curves. At higher temperatures the material is getting stronger as the
temperature is reduced, and below the transition temperature the material is becoming more
brittle.

In contrast to the JA2, the XM39 curves found in Figure 12 have excellent linear fits. (R =
1.00 for both).The Strain at Failure curve indicates a strengthening at low temperatures. The
large scatter, however, leaves this conclusion somewhat uncertain.

From these results constitutive equations can be generated to describe these quantities.
These are given for the relationship that best fits the data in the following equations.

14
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For M30:

or 135 e 0.0167T (2)

" =4.19 C UWKJ 1 (3)

E = 5.20 e "" (4)

For JA2:

Of= 44.0 e .3r,r (5)

E= 2.07 e ""Ir(6)

For XM 39:

= 125- 1.45 T (7)

!! = 7.57 - 0.0855 T (8)

%,here cy is in MPa, Ef is in percent, E is in (3l'a, and T is in "C. Both JA2 and XM39 undergo
trnsitions in this tcmpcratjrc range that restlIt in the strain at fai lure expcrinciing an extreme.

13. ilh Prcssurc. Iiih lRate Tcsti'

NIcchanical response Icsting wa"s pcr lnincd h, Costantin i aid Orncilas.-"on JA2 and
X.%139 fOirnulationrs to detcrminen the charatitcr of the rcsponse at high pressures and high rate.s.
In many cases the nature of the rcsp ,pnsc changed. Instcad of the brittle response that may have
becn cxpcrico:cd at amibielt prcssurcs, the rcsponsc became mm (tuctilc in charact(r and
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generally stronger as the pressures and rates were increased, although at higher rates the in-
crease in ductility was not as noticeable as it was for higher pressures. Because of this change
in response, it was not always meaningful or easy to assign a compaAble failure stress that
could be used for all pressures. In addition, the nature of the high pressure measurements
required the shear stress, -, to be determined. -t is defined as

't = ( I - CT3)/2 (9)

where a, is the applied load, and a3 (equal to 02) is the ambient pressure. This definition causes
a mismatch in the magnitudes of these measurements with respect ,o the ones obtained at BRL.
However, by making some assumptions, the nature of the rate and pressure affects can be
extracted from these measurements to provide constitutive relationships.

Figure 15a and I 5b show the relationship of stress at three percent axial sirain to the con-
fining pressure at the various strain rates measured for JA2 and XM39. Figure 15c shows the
Stiffness Modulus vs Confining Pressure for JA2. It can be seen that at higher pressures the
stress and the modulus values increased linearly with pressure. Figure 16 shows the same
variables plotted against the natural logarithm of the strain rate. If the Htopkinson split bar
results (at atmospheric pressures) are deleted, the relationship also seems to be linear. These
results are consistent with the behavior of other polymeric systems9 .

Constitutive equations can be extracted from these results. For JA2 the modulus and stress

at 3 -crcent axial strain can be expressed in the following form:

E(P,E) = C.(P) + C ,2(P) In E (10)

1(0,) = C,(P) 4 Cr,(P) In C (11)

where C V. (I1), C 1()), C': (P), and C, (2() are the pressure dependent linear coefficients derived
from the curves plotted in Figure 16. These coefficients are plotted in Figures 17 and 18. The
values for these coefficients are listed in Table 2. 'These equations can be made to reflect the
temperature variation by making the assumption that temperature variations that occur at
higher pressures and strain rates are similar to those that occur at atmospheric pressure. This
assumption. wAhilc cerainly not absolutely true, has merit, since curves of yield stress for
polymeric materials taken at different temperatures and plotted for different strain rates fall
into familics of similar curves with similar slopes1 . If this is done for JA2 the following equa-

folns result:

.(T,P,1') IC, h(P) 4- C 1 (P) In rl e .2'"I (12)

T(T,P.C) = IC.;( ) + C :..(P)In I . ' , (13)

where "1', detcrnines the valt of the variable at sonic rctcrcncc tcmperaturc of Interest and the
other variables arc as previously dcfined. Note that the Inari thmic temperature dependence

IX
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permits the expression of the modulus and sheer stress at T,, as a factor within the equation.
Similar expressions can be derived for XM39 for the stress at three percent axial strain. The
linear nature of the temperature dependence makes it more difficult to present a gencral cxprcs-
sion for tile stress. However, it can be seen from Figure 19 that the folhing expression can be
derived in a fashion similar to those derived for JA2:

T(P,c) =c (1P) + ,,(P)In C (lJ

where C. (I') and C,(1P) are listed for X 139 in Table 2.
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of XM39 from the Curves in Figure 16c

Results for M30 are not yet available.

B. New Characterization Techniques

As expressed in other reports1" ' " new methods for characterizing the mechanical response
of these materials are necessary. Conventional engineering measurements are still required, but
they do not provide direct information as to how the mechanical response affects the interior
ballistic conditions. A new method for post-failure characterization, the Normalized Failure
Modulus, has been proposed' and correlates well with fracture generated surface area measure-
ments that were gathered in other experiments. Mechanical response observations during the
high pressure, high rate measurements performed at LLNL showed that conventional quanti-
ties, such as stress at failure and strain at failure, lose meaning due to dramatic changes in the

Table 2. Pressure Dependent Linear Constants for Equations 10 - 14

JLA_2XN139

C,(P) = 8.25 Ml~a + (.0427 P' CI(P) = 16.6 M'a + 0.114 P

C,.(P) = 0.663MiPa + 0.00347 P C,,(P) = 0. 81 5,M Pa + 0.()503 11

CI I(P) = 1.08 (lit + 0.00536 ( Pa/ItPa P)

(U120) = 0.06,I (l'a + 0.000470 ((a/MNiPa P

Note: . ), the caf/ining pres sure, has units AI'a
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strength and mode of failure found for propellants under these conditions. It is thought that
measurements that characterize the whole response curve are required for proper evaluation.
The method of evaluation that is developed will require the results of an extensive testing
program, which is currently under way.

IV. CONCLUSIONS AND FUTURE EFFORTS

Mechanical properties measurements have been performed on M30, JA2, and XM39 gun
propellants at various strain rates, temperatures, and pressures. The procedure used to obtain
these high rate results is documented in this report. Results from numerous tests resulted in
constitutive equations that describe the mechanical response as a function of temperature,
pressure, and strain rate. These equations may be used in interior ballistic codes to express the
mechanical state of the material under interior ballistic conditions.

Many new and expanded test programs are planned for these propellants. High pressure
measurements, similar to those performed on JA2 and XM39 propellants, are planned for M30
at LLNL. Upon completion of these tests sinalar constitutive equations will be generated. Tests
will be performed to characterize the post-failure response of these propellants, as indicated
above. Other testing will characterize the stress and strain relaxation of these materials over the
temperature range of ballistic interest. Finally, propellant bed mechanical response and fracture
generated surface area evaluation will be characterized and correlated with single grain re-
sponse.
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APPENDIX A

Drop Weight Data Acquisition & Reduction Program Outline
Name: DWDAR
Location: Program Disk, Track 0 1
Function: Drop Weight Data Acquisition and Reduction.

Registers: I -Integer that keeps track of data stroagc and ret-rieval. In..ially. if data disk is in drive 1, 1 =IYY,

where YY = part of the Sample ID.

Sample Information.
A - (L) Sample Lcngth (mm).
B - (D) Sample Diameter (mm).
C - (PD) Perforation Diameter (mm).
ID - (PN) Pcrforation Number.
E - (XA) Net Cross Sectional Area (mm'), Calculated.

Test Information:
A' - Optical Displacemcnt Follower Calibration (mm/V).
B3' - Force Transtucer Calibration (NA').
C' - (T) Temperature (0C).

D* (DR) Drop Height (cm).
E' - (DW) Drop Weight (kg).
R9 - (ID) Sample ID (Norland DW Data Disk #, XX, plus First Track #

Y'Y, i.e. If XX = 36 and YY = 17 the Sample ID = 36.17).

Calculated Engineering Parameters:
R I - WMS) Maximum Stress (MPa).
R2 - (FS) Stress at Failure, Yield Stress (MIPa).
R3-( ( SF) Strain at Failure, Yield Strain ()

R4 - (SR) Strain Rate (sc' ).
R5 - (E) Elastic Modulus, tUniaxial Compressional (GPa).
R6 - (rED) Actual Absorbed Energy, Density (MuIJm 3 or MPa).
R7 - (I'D) Maximum Thoret-ical Absorbed Energy Density (MPa).

Instructions:
1. Set registers, A, B, C. D, A', 13', C', D', E', R9, and I to the proper values.

2. Acquire data such that a base line of at least 1(X points existLs wkith displacement in 11I ,arid force in 112
(usually 7//X\ triggcr presaN e setting does this).

3Run.

4. Follow prompts, so that:I
a. At first pause set P to maximuml stres.
h. At next pause set P1 to stress at kuilurc.
c. At next pauise set P1 and Q so slope measures strain rate for compression before failure.

d. At next pause set P and Q so slope measures moxdu!us for comipression before failure.

5. Rgtrs(alxive) are printedl and stress and! strain plots mnay he printed, along with stress vs strain before
failure. Prom ius guide selection. Saiiipkc and tes"t inlormation'are imade rcaidv for the next drop. Changes are.
recluitcd il dilferenit dro) hiillt, sampjle si/c, ctc:. are c.
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DWDAR Program
The following program was used to acquire and analyse the data from the Drop Weight Mechanical Properties

Tests. The program was used on a Norland Processing Digital Oscilliscope, Model 3001A, with dual disk storage
capability.

Set Trigger

0001 TRG.H

0002 0 R0

(0)3 0 ==>R I

0004 0==> R2

0005 0 ==>R3 Initialize Registers

O(X)6 0 ==> R4

0(X)7 0==> R5

O(X)8 0 ==> R6

0009 0 ==>R7

(Y)IO 0)== E

0011 DPLY QI ==DISK I DISK

(X)12 INCI

W013 DPLYQ2 ==>DISK I DISK
Store Raw Data

0014 INCI

0015 DPoLY Q3 ==> DISK I DISK

( 016 IN C I

0017 D1'LY Q4 -=> DISK I DISK

001, ERAS ERAS l
SDisplx I and Sp"Cciinen II)

0019 DPIY I I)PI.Y

0020 DPIY "ID = I)PIN 10) '

0021 112 * I -+/- ==> H2 l I -tcrl 1:,rc (.'ur\ c

27.



0022 0 ==> HSETP

0023 100 ==> HSETQ Set P & Q Cursors on Displacement

002 Baseline

0024 HSETP
0025 H-SETQ

0026 STAT HI VS T/IF
Zero Displacement

0027 HlI-C'=> HI J
0028 15 NPAVG HI Smooth Displacement

0029 PNEXT

0030 PNEXT Set P & Q Cursors on Force Baseline

0031 QNEXT

0032 QNEXT

0033 STAT 112 VS T/F " Zero Force

00W4 H2 - C' ==H2

W.35 1- 3 ==> 1I(X)36 1S I 3 A'=1 Restore Primed Registers

00)36 DISK I ==> A'

0037 A'/ A ==> RO

(X)39 RO * lIi W R Convert Displacement to Strain (%)

00)38 R() 1(X) ==> R0
00)39 R0* Ill I1ll

0040 B * B ==> RO

0041 R0 .7854 ==> RO

X42 C*C==>R1

43 R I* .785A==> RI Calculate Net Area

(044 RI * D==> RI

.)G 5 R0-RI >=>RO0

0046 R0 ==> E

00-:7 B' / R(O ==> RO Convcrt Force to Stress (M1Pa)

004K RO * H2 ==> 112
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0049 C'- 20 ==> RO

0050 R0 * 5.4 EXP (A+- = RO Temperaturc Correction for Force

0051 1 + RO ==> RO Gage

0052 H2/RO-->lt2

0053 1+4==>I

0054 DPLY Ql => DISK I DISK

0055 INCI

W056 DPLY Q'-! DS1)1K I IDISK Store Stress and Strain

0057 INCI

0 58 DPLY Q3 ==> DISK I DISK

(X59 INCI

0060 DPLY Q4 => DISK I DISK

0061 1-7==>I

(002 )iSK I "RAW 1)ISP 1/2

003 INCI

(X)0, DISK I "RAW DISP 2/2-"

0005 IN(I

0066 DISK I "RAW F i/2"

0067 INCI

(68 DISK I 'RAW 1: 2." liax' Iii -rj~k.

0(69 IN('I

(X)7() DISK I "STRAIN 1/2'

0)71 INCI

(w)-72 DISK "I SRAIN 2"

(t)73 INCI

(f)74 DISK I "SIR1-SS I,'"

()75 IN('I

0(1); ISK I "SI- SS 2'?"



0077 DPLY "PLACE P AT MAX STRESS"

0078 PAUSE

Record and Store Maximum Stress (MS)
0079 PAUSE

0080 ERAS ERAS

0081 COOR

0082 V==>RI

0083 DPLY "PLACE P AT FAILURE STRESS"

0084 PAUSE

Record and Store Failure Stress (FS)
0085 PAUSE

0086 ERAS ERAS
W9)7 COOR

(,)K9 V ==> R2

0089 PNEX1
Record and Store Strain at Failure (SF)

(099) PNEXT

(0) 1 COOR

A)92 %' =-> R3

0093 QNEXT

0094 QNEXT

0095 H{I /I(X)==> III

0090 I)PLY "PLACE P AND QTO MEASURE Rcord and Storc Strain Rate (SR)

STRAIN RATE"

0097 IAUSE

0098 PAUSE

W)9') .i<..\S lRAS

();(X) S 1 V I, I VS'II-

()10l 11' = -> 14
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0102 0 ==>DRAW A

0103 R3 / hN) ==> R0

0104 RO==> DRAW B

0105 DRAW H2VSI11

0106 DPLY "PICK BEST LINE FOR E - THEN RUN"

0107 PAUSE

(010 PAUSE

0109 ERAS ERAS

0110 PNEXT
Record and Store Modulus (E)

OI1 PNEXT

0112 QNEXT

(0!1 " QNI:XTI

0114 DPLY 112 VS 11

0115 1)PLY "PLACE P AND Q O 1I-ST I.IN-X

0116 PAUSE

0117 PAUSE

01 I' LRAS 1RAS

0111) DPLY ll 112 \"ST.1:

)120 SlA II2 VS III

0121 11' .1 1(X)) -, R5

0122 3(0 * A ==> R(

(I12 1 R0 k- =-> R0

()1 -- 1 If-->R() Cir L \Ioiult, Ir Rig ("IIml~lRiI C

M'1 1, is==> Rs



0127 1/R5==>R5

0128 D/DX HI ==> HI

0129 HI * H2 ==> HI
Calculate and Store Energy Density (ED)

0130 HSETP

0131 2048 ==> HSETQ

0132 HSETQ

0133 INTPQ ==> R6

0134 1-7==>I

0135 DISK I ==> A'
Calculate and Store Maximum Thcorctical

0136 D *E==> R( Encrgy Dcnsity (TD)

0137 RO*98.I==>RO

0138 A'E ==>R7

013') RO/R7 ==> R7

0140 !+4 ==>!

0141 D DISK I DISK Store Calculated Engineering Parameters

and Label
0142 DISK I ==> Q1

0143 DPLY QI ==> DISK I DISK

0144 DISK I "STRAIN (1/2)"

0145 INCI

00 Dikplhiy Stress and Strain0146 DISK 1 ==> Q2

0147 2 1 ==>I

(l.4X; I)PLY III 112 VS'I/P

0149 I'RIN1' R9 A' B(-' D' F' PRINT Report Data

0150 PRINT A B C 1) 1: PRINT

,1 SI I'TINT k(1 k2 MR34 R5 R6 R7 'RIN

.A2



0152 DPLY "SELECT PLOT REGION WITH P-Q
ON HI"

0153 DPLY "OR GOTO 200 AND RUN" Option for Further Analysis

0154 PAUSE

0155 PAUSE

0156 LABL III " STRAIN (PCT)"

0157 LABLT/FHI" TIME(S)" LabelPlotAxes

0159 LABL T/F 112" TIME (S)"

0159 LABL H2" STRESS (MPA)"

010 ERAS ERAS

0161 DRAW tjPPR HI VS T/F

016? PNEXT

0163 PNIE.XT

(16 QNI-X'

(165 QNEXT

0 166 DRAW LOWR 112 VS T/F

0167 DPLY I)PLY

C i ERAS ERAS Build Report Display

169 DPlY -DROP \VE!G I 'F'

0170 DI.Y "IMPACT TEST"

0171 DtLY

0172 I)[I[,Y

() 173 DI'L' "II) - I)I'IY R9

(0171 I ',Y "..

(075 II' Y."

1"171 I)I'IY ". I)IIY A MM "

(I 178 )I.1 '1 ) = )1'!.Y (" MM''
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0179 DPLY "PN = DPLY D"

0180 DPLY "XA =DPLY E SMM"

0181 DPLY " "

0182 DPLY ."

0183 DPLY "T = DPLY C' C"

0184 DPLY "DH= DPLY D' CM"

0185 DPLY "DW =DPLY E' KG"
Build Rcport Display

0196 DPLY" "

0187 DPLY ."

0188 DPLY "MS = DPL.Y RI MPA"

0189 DPLY "FS = DPLY R2 MPA"

01X) DPLY "SF= DPLY R3 PCT"

0191 1)PLY "SR= DPLY R4 I/S"

0192 DPLY "E = DPLY R5 GPA"

0193 PILY "ED = I)PLY R6 MPA"

0194 DPLY"TD -DPLY R7 MPA"

0195 PAUSE
Print Display Option

0196 PAUSE

0197 R3 =-:> DRAW B - r

S Strc's vs Strin Rclxri I)asplay
0198 1)RA\\ 112 VS III J
(0199 'AIUS- F

02(XtI )Si ilay ({)pl n
{)2(X) IPAUSli

0201 OX + R9 ==> R 9

(0 2 IN']

020'.1 IR,\S IR,\S lumrc niit I a d l)alt II) Ior N,'xt A.qtiuL '[l, ll

."M4 IIY 111 112 VSI"I"

012M! I)H1'1 A , B 1 149 DPI.Y

()?(W, I.NID

i .. .... . ... ..h: :: .... . :: . ..i ..f T .. ...F .. . I I II 3I4
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APPENDIX B
UNIAXIAL COMPRESSIVE GUN PROPELLANT TEST

I L=.

This method covers the determination of the mechanical properties of composite
propellants loaded in compression at high strain or loading rates. Test specimens of standard
shape are recommended, but due to the nature of propellant formulation and production, non-
standard specimen testing is also included.

These tests provide information on the compressive mechanical properties of composite
propellant grains at high strain rates. Since gun performance and safety are influenced by the
mechanical response of the grains under interior ballistic conditions, measurements made under
similar conditions are of great importance.

The compressive properties include the yield stress (stress at failure), the yield strain
(strain at failure), and the modulus of elasticity. Normally the yield stress will be measured at the
yield point, but at low temperatures where brittle fracture occurs before yield, the maximum
stress at fracture will be the yield stress. The compressive strength has a well defined value only
for materials that are relatively brittle, a property that is specifically avoided in propellant design.
Compressive strength is, therefore, not measured.

These tests provide information on the mechanical response of propellant samples as a
function of temperature, strain rate, and energy density. This information can be used to establish
desirable propellant mechanical properties, to determine mechanical response transitions, and for
quality control. Not enough information is available yet for these tests to be used for design
applications.

The standard units for measurement are SI units.

2 Definitions.

21 _mprcssivc Stress (nominal). The compressive load per unit net area of the original
cross section carried by the specimen at any timni. ,,>:ress is expressed in force per unit area.

2.2 Conrpressive Deformation. The decrease in specimen length along the longitudinal
axis produced by the compressive load. It is expressed as units of length.

2.3 Strain. IThc ratio of the compressive deformation to the specimen
lcngth. i.e.. the chaingc in specimen length per orivinal specirnen length along the longitudinal
,tis. Sirin has dimclsions of unity.

2.4 Pcrcenwtgc a ompressive SjLain. The compressive defornation of a specimen
expressed as a percentatge of the original ,pccimcn length.
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2.5 Compressive Stress-Strain Diagram. A diagram which has the compressive values of
stress on the ordinate axis plotted against the corresponding strain values on the abscissa. The
locus of points is called the compressive stress-strain curve.

2.6 Compressive Yield Point. The point on the compressive stress-strain curve at which
plastic failure is evidenced by a deviation from the linear stress-strain relationship.

2.7 Compressive Yield Stress (nominal). The compressive stress at the yield point.

2.8 Compressive Stress at Failure (nominal). The compressive stress at the yield point
for plastic failure, and at fracture for brittle failure.

2.9 StrAin Rate. The slope in the linear region of the compressive strain plotted against
time before failure. The strain rate is measured in inverse time.

2.10 Compressive Modulus of Elasticity. The slope of the best straight line in the linear
region of the compressive stress-strain curve for which the strain rate is constant. The modulus
has units of force per unit area.

2.11 1ipact Energy Density. The integral of the compressive stress with respect to the
compressional strain o, er the entire impact. The energy density has units of energy per unit
volume or pressure.

3 Tes rpjtus.

3.1 Testing Machine. Any compressive testing machine may be used that is able to
record simultaneous force and displacement information at crosshead speeds that result in strain
rates up to the order of 100 sec1. This may include high rate servo-hydraulic or drop weight
impact tcsters.

3.2 Dis;plIac,:nt (DWformation) Mcasurement. The specimen deformation should by
measured directly by a system with a response time small enough to ensure simultaneous
displiaccncnt -load rccordi n,,s. The machine compliance should he determined and if it is found
to lie significant, correcl , the defornation should be made. Measurements should indicate
displacenicnt within + I rtr:ent of tuaximum.

3.3 .l.oad Mcasurcment. The load measurement must reflect the total compressive load
carried by the specimen. The mechanism must have it response time fast enough to ensure
simt ancons displacemcnt-load recordings, and must have a low inertial mass. Measurements
hould imid lie load within t I percent of maximum1.

3.1 ' _ presi(m Tl . 'he compression tool must apply the compressive load to the
.pec iiiiciI S() that nmoncoaxial specimen loads duc to the device are insignificant before
failure.
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3.5 Calibraion. Each component of the testing device should be calibrated according to
the manufacturer's recommended schedule. The entire system should be standardized with a
known material under conditions as close as possible test conditions. If this is not possible, then
steps should be taken to ensure that measurements are as accurate and consistent as possible.

4 et Simens.

The test specimens will be right cylinders with a uniform circular cross section. The
specimens shall be selected for testing in a random manner. Any nonrandom qualification, such
as reoccurring specimen defect, that prevents selection of specimens contained within the
population must be noted. The length to diameter ratio shall be one, and the interior of the
specimen shall either be uniform solid or contain symmetric perforations (single, or multiple)
parallel to the cylinder axis. The specimen ends will be flat and paralle! to 0.025 mm and
perpendicular to the longitudinal axis to within 0.50 Any deviation from this description must be
noted in the presentation of results.

The specimen ends shall be prepared so no fracture damage is induced. All particles that
result from the end preparation shall be carefully removed from the specimen before testing in a
manner that does not result in grain damage.

Perforation diameter shall be measured on each perforation of it specimen after end
preparation by pin gages. Measurements should be taken on enough specimens to ensure that a
reprcscntative mCasurement is made. Specimens on which perforation measurements are made
should not be used for testing.

Specimen storage shall be at 20 + 5C in sealed containers until testing or conditioning
procedures begin.

Testing shall be done with no lubricant
added to the end surfaces. If any contamination
or additive is present during testing, a
statcment On the surface conditions must be

c 1I udCd in tI c rcport.

5 'Test Methud. ",,' ,,

5.1 NlcasLrenrlent of TSI eSciIIn
Dimen ion s. Each diniension shall be mca iured
at least three times usirg an instriume nt or
techitliCIe that permits accuracy and prccisio"
t() ). itlhin I'5 ot the measured dimension . latch Fitch
spcc itnien lcngth aind d iatnctcr shall be
tCasurCd prir to conditioning or testing. ihc I pi.-.j 7-I'urioraltud Spvti,,un

pcrforation dti hameter of the spccinicns shll
3X



have been determined as outlined above, and may be assumed to be accurate for the test
specimen.

5.2 Specimen Conditioning. For those tests where temperature conditioning is required,
each specimen shall be conditioned within one Celsius degree of the planned test temperature for
at least one hour before testing. Room temperature is 23 ± 20C.

For samples requiring conditioning, the conditioned specimen shall be plced into a
temperature controlled region of the test apparatus. After the specimen has been transferred, the
test temperature shall be maintained within the testing region for a period long enough to ensure
that any disruption of the conditioning of the specimen has been corrected.

If specimens are tested at other than ambient pressures, the pressure history of the
specimen must be recorded for each tested sample.

5.3 Test Procedure. Care will be taken to assure uniform straining. Any procedure that
permits non-axisymmetric loading will not be utilized. The actuator (or ram) velocity will be as
uniform as possible. At least five specimens shall be tested under each testing condition. If large
deviations from average values result, additional tests should be performed in order to determine
the nature of the scatter.

Simultaneous force and displacement data, stress and strain calculations, specimen
dimensions, test conditions, gage calibrations, and a photograph of a typical damaged grain
should be recorded and kept as a permanent data file. The complete propellant lot number, as
bund on the propellant description sheet, should be kept as the primary identifier of the

propellant specimen tested. Any test identification system should be directly linked to the lot
nu mber.

Samples should be taken to failure at the desired strain ra:e.

6 Data Reduction.

6.1 Calculations. Stress shall be determined by Definition .2.1, where net area is the total
cross sectional area less any perforation or other area not supporting the applied load. Strain
values are determined by Definition 2.3. Compliance corrections to displacement shall be
included in any calculations except when reporting "raw" data. All other calculations will be in
accordance with the definitions listed in 2 or be explained in the report containing the test results.

6.2 Repor. The report of test results shall include at least the following: Complete
identification of the sample, including the sottrce, formulation, identification numbers, and
history; a statement of how the specimens were prepared, and the testing conditions used; a
reference to, or description of the impact tester used; the total number of specimens tested per
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test condition; the compressive stress at failure in MPa, compressive strain at failure in percent,
compressive modulus of elasticity, in GPa, strain rate in sec 1, and standard deviation for each of
these measurements; a failure characterization, a representative compressive stress-strain
diagram, and a representative photograph of a tested specimen.

ASTM References

D 256 Impact Resistance of Plastics and Electrical Insulating Materials
D 621 Deformation of Plastics Under Load
D 638 Test for Tensile Properties of Plastics
D 695 Compressive Properties of Rigid Plastics
D 732 Shear Strength of Plastics by Punch Tool
D 746 Brittleness Temperature of Plastics and Elastomers by Impact
D 1621 Compressive Properties of Rigid Cellular Plastics
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